Abstract. The present study aimed to identify microRNAs (miRNAs) involved in regulating retinal neovascularization and retinopathy of prematurity (ROP). A total of 80 healthy C57BL/6 neonatal mice were randomly divided into the oxygen-induced retinopathy (OIR) group (n=40), in which 7-day-old mice were maintained in 75% oxygen conditions for 5 days, or the control group (n=40). Following collection of retinal tissue, retinal angiography and hematoxylin and eosin (H&E) staining were performed. Total RNA was also extracted from retinal tissue, and miRNA microarrays and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) were performed to identify differentially expressed miRNAs in the two groups. Retinal angiography and H&E staining revealed damage to retinas in the OIR group. Compared with the control group, 67 miRNAs were differentially expressed in the OIR group, of which 34 were upregulated and 33 were downregulated. Of these differentially expressed miRNAs, 32 exhibited a fold change ≥2, of which 21 were upregulated and 11 were downregulated. The results of RT-qPCR for miR-130a-3p and miR-5107-5p were in accordance with those of the miRNA microarray. The newly identified miRNAs may be important in the development of ROP, and may provide a basis for future research into the mechanisms of ROP.
Introduction
Retinopathy of prematurity (ROP) is a vascular proliferative disease that primarily occurs in preterm infants, causing disorganized growth of retinal blood vessels, which results in scarring, retinal detachment and occasionally blindness (1) . ROP is associated with low gestational age and birth weight; although advances in neonatal care have resulted in improved survival rates for premature infants, the incidence of ROP has increased (2, 3) . Numerous studies have been undertaken to examine the pathophysiological mechanisms of ROP (4, 5) ; however, these currently remain unclear.
Animal models of oxygen-induced retinopathy (OIR) have previously been used to reveal mechanisms of ROP development, including oxidant stress, the functions of growth factors including insulin-like growth factor (IGF) and vascular endothelial growth factor (VEGF), and structure-functional anomalies (6, 7) . Bioinformatic strategies have also been widely used to investigate ROP mechanisms; a study by Sato et al (8) investigated gene-expression profiles in murine oxygen-induced retinopathy as early as 2009. microRNAs (miRNAs) are small non-coding RNAs of 18-26 nucleotides in length that regulate gene expression through sequence-specific base pairing with target mRNAs. Numerous miRNAs have been identified through molecular cloning and bioinformatics strategies (9, 10) . miRNAs generally inhibit mRNA translation of their target genes (11) , and have been reported to be important in biological processes including vascular angiogenesis, cell growth, embryonic development, cell proliferation, tissue differentiation and apoptosis (12) (13) (14) (15) .
It is well documented that miRNAs regulate vascular angiogenesis (16) and the regulation of VEGF, IGF-2 and hypoxia-inducible factor 1α (HIF-1α) by miRNA (miR)-126 is associated with retinal vascular angiogenesis under conditions of OIR (17) . However, whether other miRNAs are involved in the pathological process of angiogenesis in OIR conditions currently remains unclear. Therefore, the present study aimed to screen for miRNA candidates affecting retinal neovascularization using an OIR mouse model.
Materials and methods
Establishment of oxygen-induced retinopathy mouse model. A total of 80 (36 female; 44 male) 7-day-old healthy C57BL/6 neonatal mice (weight, 3±0.3 g) were provided by the Animal Center of Nanjing University (Nanjing, China). All procedures in the study followed the protocols approved by the Animal Care and Use Committees of Nanjing Medical University (Nanjing, China). The mice were maintained in specific-pathogen-free conditions at the Animal Center of Nanjing Medical University. The mice were reared in a clean grade animal room, at 23±2˚C and 50±10% humidity. The light did not exceed 350 lux and the light/dark cycle was 12-h. Food, water and bedding were replaced every two days. The oxygen concentration was monitored with an oxygen concentration detector. The mice were randomly divided into the OIR group (n=40) or the control group (n=40). For OIR modeling, 7-day-old mice were maintained in 75% oxygen condition for 5 days, then in normal room air for a further 5 days. Mice in the control group were maintained in normal room air for the duration of the experiment. The present study was approved by the ethics review board of Nanjing Children's Hospital of Nanjing Medical University.
Retinal angiography. On postnatal day 17 (P17), 50 mg high molecular weight fluorescein isothiocyanate dextrans (catalog no. 75005; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) were dissolved in 1 ml phosphate buffer containing 4% polyformaldehyde and directly perfused through the left ventricle of the heart following an intraperitoneal injection of 10% chloral hydrate (3 ml/kg; Sigma-Aldrich; Merck Millipore). The eyes were then enucleated and fixed with 4% paraformaldehyde at 4˚C for 2 h. The retina was separated and mounted on a microscope slide. The vasculature was examined under a fluorescent microscope (Nikon Corporation, Tokyo, Japan) at an original magnification of x40. In total, 30 sections were counted, and 3 fields of view were assessed for each slide.
Hematoxylin and eosin (HE) staining. Paraformaldehyde-fixed retinal tissue was embedded in paraffin and sliced into 6 µm sections. The sections were stained with HE and examined by routine light microscopy (Olympus Corporation, Tokyo, Japan). Briefly, sections were dried, followed by xylene dewaxing and rehydration with decreasing concentrations of alcohol. The slides were then stained with hematoxylin for 15 min and differentiated with hydrochloric acid alcohol for 30 sec. Following staining with 1% ammonia, sections were stained with 1% eosin for 2 min, followed by dehydration in alcohol and mounting. The number of vascular endothelial cells with nuclei breaking through the internal limiting membrane (ILM) was counted. In total, 30 sections were counted, and 3 fields of view were assessed for each slide.
Extraction and quantification of total RNA. For total RNA extraction, retinal tissue was frozen at -80˚C and crushed using a BioPulverizer (Aoran Technology Ltd., Shanghai, China). Homogenization was performed by adding 1 ml TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) to the tissue fragments, according to the manufacturer's protocol. Extracted RNA was dissolved in RNAse-free water and incubated at 60˚C for 10 min.
Absorbance at 260, 280 and 230 nm was measured using an ultraviolet spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). The Table I . Context sequences of the probes of mmu-miR-130a-3p, mmu-miR-5107-5p and the internal control U6 snRNA used in the present study. The 28S/18S ribosomal RNA ratio was used to assess the quality of the RNA. Ratios >2 indicate that the total RNA is high quality.
purity of the extracted RNAs was determined by calculating the A260/A280 and A260/A230 ratios.
miRNA microarray. Following isolation of total RNA from retinal tissue, microarray was performed by LC Sciences (Houston, TX, USA). Each detection probe on the microfluidic chips consisted of a chemically modified nucleotide coding segment complementary to target a total of 25,141 miRNAs (from miRBase version 19.0, www.mirbase.org/) or other RNA (control or customer-defined sequences) and a spacer segment of polyethylene glycol to extend the coding segment away from the substrate. The detection probes were made by in situ synthesis using photogenerated reagent chemistry. The hybridization melting temperatures were balanced by chemical modifications of the detection probes. Hybridization used 100 µl 6X saline sodium phosphate EDTA buffer (0.90 M NaCl, 60 mM Na 2 HPO 4 , 6 mM ethylenediaminetetraacetic acid, pH 6.8) containing 25% formamide at 34˚C. Following RNA hybridization, tag-conjugating Cyanine3 dye was circulated through the microfluidic chip at 34˚C overnight. Fluorescence images were collected using a GenePix 4000B microarray scanner (Molecular Devices LLC, Sunnyvale, CA, USA) and visualized using Array-Pro image analysis software version 6.3 (Media Cybernetics, Inc., Rockville, MD, USA). Data were analyzed by subtracting the background, and then normalizing the signals using a LOWESS filter (locally-weighted regression). Following normalization, differentially expressed miRNAs were identified through fold-change filtering (fold change ≥2). Hierarchical clustering was performed using MeV software version 4.6 (The Institute for Genomic Research, J. Craig Venter Institute, Rockville, MA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following isolation of total RNA, 1 µg total RNA was used for RT using the TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The cDNA obtained was used for qPCR, with probes for Mus musculus (mmu)-miR-130a-3p and mmu-miR-5107-5p, listed in Table I . The hot start method was used for fluorescent qPCR and the standard internal reference [U6 spliceosomal RNA (snRNA)] coupled with the control group was amplified for each sample. qPCR was performed in a 20-µl reaction mixture, with each tube containing 10 µl 2X TaqMan Universal Master Mix II, 1 µl TaqMan MicroRNA assays (Applied Biosystems; Thermo Fisher Scientific, Inc.), 1.33 µl cDNA template and 7.67 µl RNase-free water. The cycling conditions were as follows: An initial denaturation step at 50˚C for 2 min and 95˚C for 2 min, followed by 40 cycles of denaturation at 95˚C for 15 sec, and annealing/extension at 60˚C for 1 min. The U6 snRNA was used as an internal control for normalization. The relative quantitative (RQ) value, obtained using the 2 -ΔΔCq method (18) , was used for statistical analysis. Briefly, the cycle threshold (Cq) values were calculated using automatic baseline settings. The ΔCq value between internal control U6 and the corresponding Cq value for the target gene was used for the relative quantification of miRNA expression.
Statistical analysis. Statistical analyses were performed using SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). Data were expressed as the mean ± standard deviation. Comparisons of retinal endothelial cell nucleus between the OIR and control groups were performed using the means t-test. RT-qPCR data were evaluated by one-way analysis of variance and independent sample t-test. P<0.05 was considered to indicate a statistically significant difference. To evaluate miRNA expression profiles, t-tests were performed, and P<0.01 was considered to indicate a statistically significant difference.
Results

Result of retinal angiography.
Retinal angiography was performed to detect differences between the control and OIR groups, and thus determine whether the murine model was successfully established. The retinal vasculature of the control group extended from the optic nerve to the periphery, with the vessels forming a fine radial branching pattern (Fig. 1A) . The retinal vascular pattern in the OIR group was characterized by decreased central perfusion, which was particularly notable in the central retina (Fig. 1B) . The murine OIR model was, therefore, successfully established.
Histological changes.
Histology was conducted to examine differences in retinal tissue between the control and OIR groups. Vascular cells in the control group did not extend from the internal limiting membrane into the vitreous ( Fig. 2A) , while vascular cells in the OIR group extended from the internal limiting membrane into the vitreous (Fig. 2B) . The degree of hyperoxia-induced neovascularization was quantified by counting the number of vascular cell nuclei on the vitreal side of the internal limiting membrane of the retina. There was an average of 0.89±0.71 nuclei extending into the internal limiting membrane in the control group, compared with 30.17±7.43 nuclei in the OIR group (P=0.00006; Fig. 3 ). The retinal tissue in the OIR model was, therefore demonstrated to be damaged, further confirming the successful establishment of the OIR model.
Quality assessment of total retinal RNA.
In order to determine the quality of the extracted retinal tissue RNA, total RNA quality assessment was performed. RNA with A260/A280 ratio close to 2.0 is regarded as pure RNA: A260/A280 ratio <1.8 indicates sample contamination, while a ratio >2.0 suggests RNA hydrolysis. An A260/A280 ratio in the range of 1.8-2.1 is acceptable. In addition, for pure RNA samples, the A260/A230 ratio should be >1.8. As presented in Table II , the A260/A280 ratios of the extracted RNA were ~2.0 and the 260/A230 ratios were all >2.2. The quality of the extracted RNA was therefore good.
miRNA expression profile. To examine changes in miRNA expression levels in mice in the OIR group, a microarray analysis was performed to evaluate miRNA expression profiles. There were 67 differentially expressed miRNAs in the OIR group compared with the control group, of which, 34 were upregulated and 33 were downregulated. There were 32 differentially expressed miRNAs with a fold change ≥2.0, of which, 21 were upregulated (Table III) and 11 were downregulated (Table IV) . Of these miRNAs, 6 miRNAs that were upregulated in the OIR group compared with the control group (miR-1907, miR-3970, miR-5107-5p, miR-133b-5p, miR-3962 and miR-145b; Table III ) and 11 miRNAs that were downregulated in the OIR group compared with the control group (miR-495-3p, miR-677-3p, miR-let-7d-3p, miR-328-3p, miR-301a-3p, miR-128-3p, miR-872-5p, miR-181c-5p, miR-744-5p, miR-130a-3p and miR-377-3p; Table IV) were statistically significantly different (P<0.05), with a ≥2-fold change. Of the upregulated miRNAs in the OIR group, mmu-miR-1907 had the greatest fold-change compared with the control group, and of the downregulated miRNAs, mmu-miR-495-3p had the greatest difference compared with the control group. Hierarchical clustering revealed distinguishable miRNA expression profiles between the two groups, with S01 as the control group and S03 as the experimental group (Fig. 4) . Thus, modulation of oxygen conditions resulted in differential miRNA expression.
Confirmation of differentially expressed miRNAs by RT-qPCR.
To validate the differential expression profiles of miRNAs indicated by microarray analysis, RT-qPCR analysis of miRNAs was performed for mmu-miR-130a-3p and mmu-miR-5107-5p. These miRNAs were selected for confirmatory testing by RT-qPCR as they exhibited large fold-changes, large mean values and small P-values. The relative expression level of mmu-miR-130a-3p was significantly lower in the OIR group compared with the control group (P=0.00239; Fig. 5A ), while that of mmu-miR-5107-5p was significantly higher in the OIR group compared with the control group (P=0.0352; Fig. 5B ). The data from this confirmatory RT-qPCR analysis was, therefore, consistent with that of the microarray analysis.
Discussion
In the present study, a mouse model of OIR was constructed and subsequently used to identify differentially expressed The OIR mouse model was first developed in 1994 (7) and is commonly used for studies of retinal neovascularization in ROP and other vasculopathologies. Subsequent studies have demonstrated its utility in investigating the pathogenesis of retinal neovascularization and medical interventions for ROP and other retinal angiopathies (8, 19) . The model has also proven to be reproducible and quantifiable, making it a favorable model for microarray analysis.
In the present study, a miRNA microarray was used to analyze miRNA expression profiles and to identify differentially expressed miRNAs in the retinal tissues of mice subjected to OIR: 67 differentially expressed miRNAs were identified in the OIR group compared with the control group. The functions of the majority of the upregulated miRNAs identified in the present study, including miR-1907, miR-3970, miR-5107-5p, miR-3962 and miR-145b, have not previously been reported. As a result, the effects of these miRNAs and potential applications of their functions require further investigations.
In the present study, the expression of miR-133b-5p was revealed to be up to 7.753-fold higher in the OIR group compared with the control group, indicating a potential role for this miRNA in the development of ROP. miR-133b-5p regulates the expression of heat shock protein 70 (Hsp70) during gp120 V3 loop peptide-induced rat neuronal cell apoptosis (20) . Hsp70 is a chaperone protein that inhibits key effectors of the apoptotic machinery at the pre-and postmitochondrial level (21) . In addition, miR-133b, the precursor of miR-133b-5p, is downregulated in human osteosarcoma cells, resulting in increased apoptosis, and potentially acting as a tumor suppressor gene (22) . The expression of miR-133b-5p may, therefore, regulate programmed cell apoptosis pathways and be involved in the development of ROP.
In contrast to the largely uncharacterized upregulated miRNAs, some of the downregulated miRNAs identified in the present study have been demonstrated to be involved in numerous diseases. The miR-1et-7 family is widely distributed in vertebrates and invertebrates, and participates in numerous biological processes, including reticulocytes (23), T-cell generation, angiogenesis (24) and the Fas-mediated apoptotic process in peripheral blood mononuclear cells (25, 26) . It is, therefore, unsurprising that the expression of miR-let-7d-3p is decreased in a disease such as ROP, which is caused by abnormal blood vessel development. miR-328 expression has been demonstrated to be elevated in numerous lung adenocarcinoma subtypes, which may affect the degree of malignancy of tumor progression by inhibiting the proliferation of GBM cells in gliomas (27) (28) (29) (30) . A known target of miR-328 is RTP801, which is also a target of miR-181b-5p, which had an effect on the cancer stem cells fraction and neurosphere formation as surrogate marker (31) . RTP801 expression is induced in the retina following hyperoxia treatment, while the development of retinopathy is significantly attenuated in an RTP801-knockout mouse model of ROP (32) . These findings suggest important roles of miR-328 and miR-181b-5p in the pathogenesis of ROP by regulating the expression of RTP801.
The potential targets of other miRNAs are also related to ROP. One of the miR-872-5p targets is insulin-like growth factor 1, which acts upstream of retinal VEGF and is important in ROP (33) . Angiopoietin 2, a potential target of miR-128-3p, induces endothelial cell apoptosis and is involved in ROP (31) . miR-301a and miR-130a are miRNAs that have been suggested to bind to conserved sites of the peroxisome proliferator-activated receptor γ (PPARγ) 3' untranslated region (34) . PPARγ is widely expressed in the eye, is involved in the pathogenesis of OIR (35) , and provides a pharmacological target for treating ocular angiogenesis (36) . Furthermore, miR-130a contributes to angiogenesis by inhibiting the expression of two antiangiogenic homeobox transcription factors, homeobox A5 (HOXA5) and mesenchyme homeobox 2 (MEOX2; also termed GAX) (11) . However, further research is required to establish whether these miRNAs (miR-872-5p, miR-128-3p, miR-301a and miR-130a) regulate ROP development.
In summary, the present study has identified the differential expression of miRNAs in a murine model of OIR some of whose functions, or those of their known targets, are associated with the development of ROP. These findings are useful to understand the molecular basis of ROP and suggest that miRNAs are involved in the progression of ROP. However, Figure 5 . Verification of miRNA differential expression. Expression levels of (A) mmu-miR-130a-3p and (B) mmu-miR-5107-5p identified by miRNA microarray were examined by reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean ± standard deviation of one representative experiment and three independent experiments per sample (n=40) were performed for each miRNA. further studies are required to confirm the involvement of the miRNAs identified in the present study in the development of ROP, and their molecular mechanisms.
